The (Ϯ)-tetrahydro-3-furylmethyl moiety, which is a characteristic part of the novel neonicotinoid dinotefuran, was found by research in which acetylcholine was selected as the lead compound. SAR (structure-activity relationships) for the tetrahydrofuran part indicated that the non-substituted moiety showed the highest level of activity, 4-and 5-substituted moieties showed intermediate levels, and 2-and 3-substituted moieties lost the activity. Conformational analysis of these compounds indicated that the substituents changed little the hypothetical active conformation of dinotefuran. Computational analysis proved that dinotefuran, a methoxypropyl compound and other neonicotinoids well overlapped, and dinotefuran adopts the active conformation more easily than the methoxypropyl compound.
INTRODUCTION
Neonicotinoid is a major chemical class of insecticide, whose sales have expanded because of its high level of activity and residual control properties. Seven neonicotinoids have been developed, and classified based on structural differences of a hydrogen acceptor site into three sub-classes: chloronicotinyl, thianicotinyl and furanicotinyl (Fig. 1) . 1, 2) The chloronicotinyl and thianicotinyl compounds have pyridine-like moieties, as is the case for the pyridine ring in nicotine (1) , and the furanicotinyl compound dinotefuran (2) has a characteristic (Ϯ)-tetrahydro-3-furylmethyl moiety.
3)
The (Ϯ)-tetrahydro-3-furylmethyl moiety was detected by cyclization of the 3-methoxypropyl moiety which was led from acetylcholine ( Fig. 2) . These moieties and the pyridine ring are similar in the location of their oxygen and nitrogen atoms ( Fig. 1 ), but the details have not been clarified. In this paper we report the SAR (structure-activity relationships) of substituted (tetrahydro-3-furyl)methy compounds and the molecular modeling of these derivatives, and discuss the relationship between tetrahydro-3-furan moieties and the pyridinelike moieties.
MATERIALS AND METHODS

Instrumental Analysis
Melting points were obtained on a Mettler FP62 melting point apparatus and were uncorrected. 1 H NMR spectra were recorded on a JEOL JNM-LA400 spectrometer using tetramethylsilane as an internal standard. IR spectra were recorded on a JASCO FT/IR-7300 spectrometer. Analytical TLC was performed on silica gel 60 F 254 (Merck). Spots were detected under UV light or with iodine.
Molecular Modeling
All computations were performed using the molecular modeling software package SYBYL, version 6.9 (Tripos Associates, Inc., St. Louis, MO, USA). Energies were calculated with the Merck force field (MMFF94S) 4) and MMFF94 charges. 5) A dielectric permittivity of e r ϭ1 and a non-cutoff were used. In this computational analysis, the (R)-enantiomer of dinotefuran was used because there is no great difference in activity between (R) and (S) (data not shown).
To obtain conformational databases, each compound was subjected to a systematic search in which all rotatable bonds were allowed to vary in 30 steps (acyclic bonds) and 10 steps (ring closure bonds). The remaining structures were subsequently minimized with an electrostatic term until the rms (root-mean-square) gradient was less than 10 Ϫ3 kcal mol Ϫ1 Å Ϫ1 . Structures that converged to the same minimum were omitted on the basis of their energies and by an rms fitting procedure in which all non-hydrogen atoms were superimposed using 0.2 Å as a similarity cutoff. The remaining conformers were stored in conformational databases. Furthermore, the conformations of the nitroimino parts were filtered into one conformation (see Fig. 4 ), the rest being excluded from the databases. To obtain pharmacophores among active compounds in a multiconformation structure database, we used the DISCO 6) (DIStance COmparison) program, an algorithm available in the Sybyl software. The first step of the DISCO search routine consists of identifying all potential pharmacophoric site points in each molecule. The site point assignments include aromatic and aliphatic ring centroids, functional groups with a hydrogen bond donor or acceptor potential, and external site points that represent receptor-associated hydrogen bond acceptors or donors. Secondly, the DISCO method was used to identify the most probable active conformations.
Synthesis
Four types of (Ϯ)-tetrahydro-3-furylmethyl compounds, acyclic nitroimino and nitromethylene (xvi), cyclic nitroimino and nitromethylene (xvii) with excellent insecticidal activities were synthesized according to the following methods ( Fig. 3) : 3-and 4-substituted derivatives (iv and v) were prepared by the reduction of triesters followed by cyclization 7) of triols (iii), which were obtained by the substitution of esters (ii) with malonates (i), followed by mesylation and amination. Four-and 5-substituted derivatives (vii and viii) were prepared by the same method as iv and v using vi instead of ii, and 5,5-dimethyl derivatives (x and xi) were prepared using ix. The 2-methyl derivative (xiii) was prepared by the reduction of oxime, which was synthesized from xii 8) and a 2-methoxy derivative (xv) was prepared by the reduction of amide which was synthesized from xiv. 9) Acyclic and cyclic (tetrahydro-3-furyl)methyl compounds (xvi and xvii) were synthesized according to published procedures, 3) using amines (v, viii, xi, xiii and xv) and mesylates (iv, vii and x). Typical procedures are described as follows.
Typical synthesis of acyclic nitroimino compounds
To a stirred solution of sodium (3.55 g, 154 mmol) in EtOH (100 ml) at room temperature, diethyl malonate (i, 24.6 g, 154 mmol) was added dropwise. The mixture was stirred at 70°C for 30 min, then ethyl 2-bromobutyrate (ii, 30.0 g, 154 mmol) was added dropwise at room temperature. After stirring at 70°C for 5 hr, water (100 ml) was added and extracted with EtOAc (100 mlϫ3). The organic layer was washed with brine, dried over anhydrous magnesium sulfate, and concentrated under reduced pressure to give 44. Vol. 29, No. 4, 356-363 (2004) Modification in the Tetrahydro-3-furylmethyl Part of Dinotefuran 357 A solution of crude 2-ethyl-3-hydroxymethyl-1,4-butanediol (19.5 g) and polyphosphoric acid (10 ml) was stirred at 100°C for 4 hr. Water (15 ml) was added and neutralized with potassium carbonate and extracted with diethyl ether (100 mlϫ2). The organic layer was washed with brine, dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. The resulting material was purified by silica gel column chromatography (hexane : EtOAcϭ4 : 1-1 : 1) to give 14.5 g (73%, 3 steps) of 3-ethyl-4-(hydroxymethyl)tetrahydrofuran as an oil. 1 To a stirred solution of 3-ethyl-4-(hydroxymethyl)tetrahydrofuran (11.5 g, 88.3 mmol) and methanesulfonylchloride (10.1 g, 88.5 mmol) in THF (80 ml) at room temperature, was added triethylamine (9.10 g, 89.9 mmol) and the mixture was further stirred for 6 hr. The mixture was quenched with water (50 ml) and extracted with EtOAc (70 mlϫ2). The organic layer was dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. The resulting material was purified by silica gel column chromatography (hexane : EtOAcϭ8 : 1-1 : 1) to give 7.60 g (41%) of 3-ethyl-4-(methylsulfonyloxymethyl)tetrahydrofuran as an oil.
A solution of 3-ethyl-4-(methylsulfonyloxymethyl)tetrahydrofuran (2.93 g, 14.1 mmol) and potassium phthalimide (2.70 g, 14.6 mmol) in DMF (15 ml) was stirred at 60°C for 7 hr. The mixture was quenched with water (50 ml) and extracted with EtOAc (100 ml). The organic layer was washed with water (50 mlϫ2), dried over anhydrous magnesium sulfate, and concentrated under reduced pressure, to give 3.00 g
A
solution of N-[{(4-ethyl)tetrahydrofuran-3-yl}methyl]
phthalimide (2.98 g, 11.5 mmol) and 25% NaOHaq. (2.0 g) in water (8 ml) was stirred at 70°C for 3 hr and the solution added to 10% HClaq. (8 ml) at 70°C and stirred for 4 hr. Toluene (15 ml) was added and stirred for 30 min at 70°C, then the water layer and solid were alkalified with 50% NaOHaq. The solution was extracted with chloroform (80 mlϫ3) dried over anhydrous magnesium sulfate, and concentrated under reduced pressure, to give 1.05 g of crude 3-aminomethyl-4-ethyltetrahydrofuran as an oil.
A solution of crude 3-aminomethyl-4-ethyltetrahydrofuran (1.05 g) and 1,1-bis(methylthio)-2-nitroethylene (1.20 g, 7.26 mmol) in acetonitrile (15 ml) was stirred at 70°C for 5 hr. The mixture was concentrated to dryness under reduced pressure. The resulting material was purified by silica gel column chromatography (hexane : EtOAcϭ1 : 1) to give 1.27 g (45%, 2 steps) of 1-methylthio-2-nitro-1-[{(4-ethyl)tetrahydro-3-furyl}methylamino]ethylene as a yellow solid. 1 1H, br) .
1-Methyl-2-nitro-3-{(5,5-dimethyl)tetrahydro-3-furylmethyl}guanidine (22)
Oil
1-Methylamino-2-nitro-1-[{(2-methoxy)tetrahydro-3-furyl}methylamino]ethylene (24)
1-Methylamino-2-nitro-1-[{(4-methyl)tetrahydro-3-furyl}methylamino]ethylene (25)
Mp 127-129°C. 1 
1-Methylamino-2-nitro-1-[{(5-methyl)tetrahydro-3-furyl}methylamino]ethylene (27)
Mp 114-120°C. 1 
2-Nitroimino-1-[{(5-methyl)tetrahydro-3-furyl}-methyl]hexahydropyrimidine (34)
Oil.
2-Nitroimino-1-[{(5,5-dimethyl)tetrahydro-3-furyl}methyl]hexahydropyrimidine (35)
Biological Tests
Insects
Biological tests were conducted against the small brown planthopper, Laodelphax striatellus Fallen, and the green rice leafhopper, Nephotettix cincticeps.
All tests were replicated twice and done at 25(Ϯ2)°C, at 65(Ϯ5)% RH and under a 16 : 8 h light : dark photoperiod.
Contact/feeding activity in L. striatellus and N. cincticeps
A bundle of rice seedlings (about third-leaf stage) was sprayed with waterϩacetone (4ϩ1 by volume) containing the test compound at a concentration of 1, 10, 100 or 1000 ppm. After drying, the treated seedlings were covered with a metal gauze cylinder, and 10 one-to three-day-old male adults of L. striatellus or N. cincticeps were released into the cylinder. Mortality was checked 3 days later.
Insecticidal activity was graded as follows: 0: LC 70 Ͼ1000 ppm, 1: 1000-100 ppm, 2: 100-10 ppm, 3: 10-1 ppm, 4: 1-0.1 ppm.
RESULTS AND DISCUSSION
Conformational Analysis of Dinotefuran (2), Clothianidin (3), Imidacloprid (5) and a 3-Methoxypropyl Compound (10)
When the 3-methoxypropyl moiety was cyclized to the (Ϯ)-(tetrahydro-3-furyl)methyl moiety, dinotefuran (2) exhibited more than a 100-fold higher level of activity than the 3-methoxypropyl compound (10) against N. cincticeps. We assumed that dinotefuran and other neonicotinoids have a common 3D-pharmacophore for binding to nicotinic acetylcholine receptors because of their structural similarity and mode of action, 10) and that it would be difficult for 10 to have the same conformation because of its weak activity. In order to test this hypothesis, a conformational analysis of neonicotinoids (dinotefuran (2), clothianidin (3), imidacloprid (5)) and the 3-methoxypropyl compound (10) was carried out.
First of all, we generated individual conformer databases according to the procedure described in the methods. The conformational databases were then entered into the DISCO program to perform the superimposition of the four compounds. The different superimposition models proposed by DISCO were grouped into three types that showed a good overlay of the compounds (Fig. 4) . Superposition A, B and C shown in Fig. 2 correspond to the active conformation models proposed by Okazawa et al. 11, 12) and Samaritoni et al., 13) respectively. In all superposition models, the hypothetical receptor-associated hydrogen bond acceptor sites generated from the tetrahydro-3-furan, pyridine and thiazole rings are located in the same place. Thus, the oxygen atom in the tetrahydro-3-furan group of dinotefuran (2) can function as the hydrogen acceptor site in place of the nitrogen atoms in the pyridine or thiazole rings.
At the end of the conformational search, we obtained 16 and 78 energy-minimized conformers for dinotefuran (2) and compound 10 with energy ranges (the energy difference between the highest and the lowest energy conformer) of 4.5 and 8.1 kcal/mol, respectively. Three conformations out of 16 have the receptor-associated hydrogen bond acceptor within 2 Å from that of the active conformer when the imidazolidine parts are superposed onto superposition A. Twenty-four percent of all energy-minimized conformations took superposition A on the basis of the Boltzmann probability distribution at room temperature (300 kelvin). On the other hand, six conformations among 78 can take the conformation (superposition A) in 10, but this was only 4.5%.
The straight-chain ether is so flexible that 10 has to lose Vol. 29, No. 4, 356-363 (2004) Modification in the Tetrahydro-3-furylmethyl Part of Dinotefuran 361 more entropy upon binding. On the other hand, cyclization of the ether group in dinotefuran (2) restricts the conformational degree of freedom and then reduces the entropy loss upon binding. We speculate that the reduced loss of conformational entropy of 2 upon binding (structural rigidity) contributes considerably to the activity as compared with 10. However, 2 was over 100-fold more active than 10 (data not shown). These results suggest that the weak activity of 10 would be caused by the interaction with the receptor.
SAR for the Tetrahydro-3-furan Part of Dinotefuran
Four types of insecticidal activities; acyclic nitroimino compounds (2 and 14-22), acyclic nitromethylene compounds (11 and 23-28), cyclic nitroimino compounds (13 and 33-35) and cyclic nitromethylene compounds (12 and 29-32), are shown in Tables 1-3 . In general, all four types have a similar SAR for the tetrahydro-3-furan part (Fig. 5) . The 2-or 3-substitutions on tetrahydro-3-furan were detrimental to the activity, and the 4-and 5-substitutions reduced the activity to some extent but there is a size limitation. The details are as follows. Unsubstituted compounds (2 and 11-13) showed the highest level of activity for each type. The 2-Me or 3-Me substituted compounds (14-16, 19 and 23-24) lost activity. In regard to the 4-and/or 5-substituted compounds, various levels of activity were observed. As for acyclic nitroimino compounds, 4-Me and 5-Me substituted compounds (17 and 20) were 100-fold less active against L. striatellus and 10-fold less active against N. cincticeps than 2. Increasing the size of the substituent from a methyl to ethyl, phenyl or dimethyl lowered the level of activity (18, 21 and 22). Acyclic nitromethylene compounds showed the same SAR but the activity of cyclic compounds was not as weak as that of acyclic types. For example, the 4-Me-substituted nitromethylene compound (29) and the 5-Me-substituted nitroimino compound (34) showed the same level of activity as each unsubstituted compounds (12 and 13) , and the other Me-substituted compounds did not exhibit a drop in activity of more than 10-fold (31-33 and 35) either.
Structural Analysis of Substituted (Tetrahydro-3-furyl)methyl Compounds
The conformational search was also performed with acyclic nitroimino compounds ( Fig. 6; 14, 16-18 and 20) . The substituent on the tetrahydrofuran ring, which has the trans con-
